The mammalian target of rapamycin (mTOR) is responsive to numerous extracellular and intracellular cues and, through the formation of two physically and functionally distinct complexes, has a central role in the homeostatic control of cell growth, proliferation and survival. Through the aberrant activation of mTOR signaling, the perception of cellular growth signals becomes disconnected from the processes promoting cell growth, and this underlies the pathophysiology of a number of genetic tumor syndromes and cancers. Here, we review the oncogenes and tumor suppressors comprising the regulatory network upstream of mTOR, highlight the human cancers in which mTOR is activated and discuss how dysregulated mTOR signaling provides tumors a selective growth advantage. In addition, we discuss why activation of mTOR, as a consequence of distinct oncogenic events, results in diverse clinical outcomes, and how the complexity of the mTOR signaling network might dictate therapeutic approaches.
Introduction
Cell growth, division and survival are fundamental aspects of cellular physiology that are exquisitely sensitive to changes in both the extracellular and intracellular environment. In single-celled eukaryotes such as yeast, nutrient-sensing pathways are primarily responsible for the control of cell growth (an increase in cell size) and proliferation (an increase in cell number). In multicellular organisms, these cell autonomous processes are also regulated by growth and mitogenic factors secreted by other cells, and these signals are integrated into the ancient nutrient-sensing pathways. In metazoans, both extracellular growth factor signaling and intracellular nutrient-sensing cues generally activate anabolic processes, such as protein synthesis, and inhibit catabolic processes, such as autophagy. A delicate balance between these processes is necessary for normal growth control, and a disconnect between the ability of a cell to properly sense growth conditions and the pathways regulating cell growth underlies tumorigenesis. Here, we discuss the mammalian target of rapamycin (mTOR) signaling network, which integrates signals from nutrients and growth factors and is frequently misregulated in genetic tumor syndromes and cancer.
TOR complexes
Target of rapamycin (TOR) proteins are evolutionarily conserved ser/thr kinases that belong to the phosphatidylinositol kinase-related protein kinase (PIKK) family. The first TOR proteins were identified in the budding yeast Saccharomyces cerevisiae. The TOR1 and TOR2 genes were identified in a genetic screen for mutations conferring resistance to rapamycin, a naturally produced macrolide antibiotic (Heitman et al., 1991) . In a complex with the intracellular cofactor FKBP12 (FK506-binding protein 12), rapamycin directly binds to and inhibits TOR proteins through an allosteric site N-terminal to its kinase domain. It is this property that allowed the subsequent identification of the single TOR protein encoded by mammalian genomes (Brown et al., 1994; Chiu et al., 1994; Sabatini et al., 1994; Sabers et al., 1995) . Combined with genetic evidence, the existence of two TOR proteins in yeast led to the discovery that TOR proteins from yeast to humans exist in two physically and functionally distinct macromolecular complexes (Loewith et al., 2002; reviewed in Wullschleger et al., 2006) .
In addition to the TOR kinase, several core components are also conserved within these two complexes. mTOR complex 1 (mTORC1) is composed of Raptor (Regulatory associated protein of mTOR) and mLST8 (mammalian Lethal with SEC13 protein 8), whereas mTORC2 consists of Rictor (Rapamycin insensitive companion of mTOR), mSIN1 (mammalian Stressactivated protein kinase interacting protein 1) and mLST8 (Hara et al., 2002; Kim et al., 2002 Kim et al., , 2003 Loewith et al., 2002; Jacinto et al., 2004 Jacinto et al., , 2006 Sarbassov et al., 2004; Frias et al., 2006; Yang et al., 2006) . Both complexes have additional subunits that are not required for core complex function, including PRAS40 (Proline-Rich Akt Substrate of 40 kDa) in mTORC1 and PRR5 (proline-rich protein 5, also called PROTOR1) or PRR5L (PRR5-like, also called PRO-TOR2) in mTORC2 (Pearce et al., 2007; Sancak et al., 2007; Vander et al., 2007) . It is important that, these two complexes, in yeast and humans, can be distinguished by their sensitivity to rapamycin. Rapamycin associated with FKBP12 binds to and acutely inhibits mTOR within mTORC1 but not mTORC2. However, prolonged treatment with rapamycin can block mTORC2 assembly (Sarbassov et al., 2006) .
As described below, mTORC1 is controlled by cellular growth conditions and, in turn, controls cell growth in response to these stimuli. To date, only two direct downstream targets of mTORC1 have been characterized in detail, the ribosomal S6 kinases (S6K1 and S6K2) and the eukaryotic initiation factor 4E (eIF4E)-binding proteins (for example, 4E-BP1). In response to growth stimuli, mTORC1 has been found to associate with the eukaryotic initiation factor 3 (eIF3) complex and regulate translation initiation, at least in part, through the phosphorylation of these substrates (Holz et al., 2005) . Within mTORC1, Raptor appears to direct substrate binding through a small motif on the target proteins, referred to as the TOR signaling (TOS) motif (Schalm and Blenis, 2002; Choi et al., 2003; Nojima et al., 2003; Schalm et al., 2003; Holz et al., 2005) . mTORC1 phosphorylates S6K1 on a residue C-terminal to its kinase domain (T389 in the 70-kDa isoform of S6K1), referred to as the hydrophobic motif, which is a regulatory site conserved in many members of the protein kinase A, G, C family (AGC) that is required for full activation of these kinases. Therefore, mTORC1 activates S6K, which subsequently phosphorylates downstream targets such as the ribosomal protein S6 and eIF4B (reviewed in Ma and Blenis, 2009 ). mTORC1-dependent phosphorylation of 4E-BP1 at multiple sites results in its release from eIF4E at the 7-methyl-GTP cap of mRNAs, allowing the subsequent assembly of an initiation complex required for cap-dependent translation. Interestingly, the ability of rapamycin to inhibit mTORC1-mediated phosphorylation events varies between these two substrates, with S6K1 being sensitive in all settings and the sites on 4E-BP1 being more resistant (Wang et al., 2005; Choo et al., 2008) . In fact, the development of direct mTOR kinase domain inhibitors has confirmed the existence of rapamycin-resistant functions for mTORC1. In addition to more completely blocking the phosphorylation of 4E-BP1, these compounds more potently inhibit protein synthesis, arrest cell proliferation and activate autophagy, and these effects appear to be due primarily to the inhibition of mTORC1 (Feldman et al., 2009; Garcia-Martinez et al., 2009; Thoreen et al., 2009) .
Owing to the later discovery of mTORC2 and its resistance to rapamycin, relative to mTORC1, knowledge of mTORC2 functions has lagged behind. By far, its best-characterized substrate is Akt (Sarbassov et al., 2005) , a member of the AGC family of protein kinases. As with the phosphorylation of S6K by mTORC1, Akt is phosphorylated on its hydrophobic motif (S473) by mTORC2, and this is required to fully activate Akt (Alessi et al., 1996) . In addition, mTORC2 is required for the phosphorylation of the hydrophobic motifs on other AGC kinases, including protein kinase C-a (Sarbassov et al., 2004; Guertin et al., 2006) and SGK1 (Serum Glucocorticoid-induced Kinase 1) (GarciaMartinez and Alessi, 2008) . Finally, a second conserved motif on these AGC kinases, referred to as the turn motif, is also phosphorylated in an mTORC2-dependent manner (Facchinetti et al., 2008; Ikenoue et al., 2008) . Given our current void of knowledge regarding the molecular mechanisms regulating mTORC2 and the role of mTORC2 in tumorigenesis, the discussion below is focused primarily on mTORC1.
Upstream regulation of mTORC1
Eukaryotic cells dedicate a high proportion of their total nutrient and energy levels to the processes of ribosome biogenesis and mRNA translation to synthesize proteins. Increasing the protein synthetic capacity of the cell is fundamental to stimulating cell growth. Therefore, cells have evolved exquisite mechanisms to sense cellular growth conditions, in the form of nutrient and energy levels, and, in multicellular eukaryotes, the presence of secreted growth factors. Signaling pathways then relay the status of these conditions to key regulators of protein synthesis, such as mTORC1. In fact, an extensive regulatory network to closely monitor a diverse array of growth cues exists to properly control mTORC1 activation.
As the essential building block of proteins, aminoacid levels are closely monitored by the mTORC1 pathway, and mTORC1 signaling is shut down on amino acid depletion. Although this property is conserved back to TORC1 in yeast, the mechanisms by which amino-acid levels are sensed and communicated to mTORC1 are poorly understood. A recent breakthrough in this area has come from the finding that the Rag GTPases are mTORC1-proximal components of the amino-acid-sensing pathway Sancak et al., 2008) . This finding should facilitate future studies to elucidate the sensing and signaling mechanisms by which amino acids control mTORC1.
A complex between the products encoded by the tumor suppressor genes mutated in tuberous sclerosis complex (TSC) disease, TSC1 and TSC2, has emerged as a master regulator of mTOR (reviewed in . The TSC1-TSC2 complex negatively regulates mTORC1 through the GTPase-activating protein (GAP) activity of TSC2 toward the Ras-related small G protein Rheb (Ras homolog enriched in brain), which in its GTP-bound form is a potent and essential activator of mTORC1. Therefore, the TSC1-TSC2 complex inhibits mTORC1 activation by stimulating the intrinsic GTPase activity of Rheb, leading to the conversion of active GTP-bound Rheb to the inactive GDP-bound form. Many of the cellular pathways that affect mTORC1 activity do so by affecting the ability of the TSC1-TSC2 complex to act as a GAP for Rheb. These pathways do so, in large part, through the posttranslational modification of TSC1 or TSC2. For instance, the ubiquitous growth factor-regulated protein kinases Akt, extracellular signal-regulated kinase (ERK) and ribosomal S6 kinase all directly phosphorylate TSC2 and, through unknown molecular and cellular mechanisms, inhibit the TSC1-TSC2 complex, thereby stimulating an increase in the Rheb-GTP levels and activation of mTORC1 (Inoki et al., 2002; Manning et al., 2002; Roux et al., 2004; Ma et al., 2005) . Under conditions of energy depletion, the highly conserved energy-sensing protein kinase AMPK (5 0 AMP-activated protein kinase) is activated and phosphorylates TSC2 on additional sites that, again through an unknown mechanism, enhance the ability of the TSC1-TSC2 complex to turn off Rheb and mTORC1 (Inoki et al., 2003; Shaw et al., 2004) . Therefore, growthpromoting conditions activate pathways that decrease the TSC1-TSC2 complex function, whereas poor growth conditions activate pathways that increase the TSC1-TSC2 complex function, thereby leading to the respective activation or inhibition of mTORC1.
There appear to be additional mechanisms, parallel to regulation of the TSC1-TSC2 complex, by which some of these pathways affect mTORC1 activity. For instance, mTORC1 can be further stimulated through the Akt-mediated phosphorylation of PRAS40 (Sancak et al., 2007; Vander et al., 2007) and ribosomal S6 kinase-mediated phosphorylation of Raptor (Carriere et al., 2008) . In addition, AMPK can further inhibit mTORC1 through the phosphorylation of specific sites on Raptor (Gwinn et al., 2008) . These multiple modes of regulation emphasize the importance of these pathways that sense cellular growth conditions in the control of mTORC1 activation.
Common activation of mTORC1 in human tumors
Proper regulation of mTORC1 is required to maintain homeostatic control over the anabolic processes that drive cell growth and proliferation. A ubiquitous property of tumor cells is their ability to disconnect growth-promoting processes from the perception of growth signals. This separation is achieved, in large part, through genetic events leading to the aberrant activation of mTORC1. The signaling network that normally relays the presence or absence of specific growth stimuli to mTORC1 comprises numerous oncogenes and tumor suppressors, including those that most frequently underlie the development and progression of malignant tumors (summarized in Figure 1 ). Therefore, it is not surprising that elevated mTORC1 signaling has been detected in a large percentage of the most common human cancers (summarized in Table 1 ). Activation of mTORC1 signaling in tumors is generally scored by examining the relative phosphorylation levels of its direct downstream targets, 4E-BP1 and S6K1, and/or the S6K1 substrate ribosomal S6. There are multiple phosphorylation sites on these proteins, but these are not all exclusive readouts of mTORC1 activity. In general, it is believed that phosphorylation of S6K1 on T389, S6 on S240/244 and 4E-BP1 on S65 is quite specific to mTORC1 signaling. To date, there are no phosphorylation sites on mTOR itself that are required for, and specifically indicate, the activation of mTORC1. Phosphorylation of mTOR on S2448 is often used as an indication of its activity. However, this site appears to be phosphorylated in both mTORC1 and mTORC2 (Rosner et al., 2009) , and its molecular function is unknown. Therefore, in Table 1 , we have excluded studies that used mTOR-S2448 phosphorylation as the sole readout of mTORC1 activity.
Oncogenic events leading to misregulation of the phosphoinositide 3-kinase (PI3K)-Akt and/or ERK signaling pathways are very common in malignant tumors (reviewed in Engelman et al., 2006; Shaw and Cantley, 2006; Roberts and Der, 2007) . This often occurs through activating mutations and amplifications leading to ligand-independent signaling from upstream receptor tyrosine kinases (for example, EGFR, Her-2/ Neu and MET) or scaffolding adaptors (for example, BCR-Abl). In addition, oncogenic Ras activates both the PI3K-Akt and ERK pathways and is among the most common oncogenes in human cancers. Furthermore, Ras is negatively regulated by the NF1 tumor suppressor (also referred to as neurofibromin), which acts as a GAP for Ras. Activating mutations in B-RAF and, more commonly, PI3K are also found in a large variety of cancers and lead to the growth factorindependent activation of ERK and Akt, respectively. Finally, among tumor suppressor genes, loss of phosphatase and tensin homolog (PTEN) appears to occur at a rate second only to p53 in malignant tumors, and this leads to the aberrant activation of Akt. Therefore, these two critical pathways through which growth factors signal to mTORC1 are constitutively activated in most cancers, rendering mTORC1 active even under conditions of growth factor withdrawal.
Other tumor suppressor and oncogene pathways also converge on mTORC1 regulation. For instance, the tumor suppressor kinase LKB1 is a critical upstream activator of AMPK and is required for mTORC1 inhibition under conditions of energy stress (reviewed in Shaw, 2009) . Therefore, in tumor cells with loss of LKB1, which occurs frequently in non-small-cell lung cancer, mTORC1 signaling is elevated and no longer sensitive to perturbation in intracellular ATP levels. Furthermore, both the Wnt and tumor necrosis factor-a pathways, which contribute to the development and progression of some malignancies, have inputs into the TSC1-TSC2 complex that could result in mTORC1 activation in tumors Lee et al., 2007) .
An important shared property of these oncogenic pathways converging on mTORC1 is that they are negatively regulated by tumor suppressors that are mutated in genetic tumor syndromes. Germline mutations in the gene encoding the Ras-GAP NF1 give rise to neurofibromatosis type 1, which is the most prevalent of the tumor syndromes classified as neurocutaneous disorders, or phakomatoses (McClatchey, 2007) . Individuals heterozygous for mutations in PTEN are more rare, but develop a variety of phenotypically distinct disorders (for example, Cowden syndrome and Bannayan-Riley-Ruvalcaba syndrome), collectively referred to as PTEN hamartoma tumor syndrome (reviewed in Orloff and Eng, 2008) . Homozygous loss of either NF1 or PTEN results in growth factor-independent Aktmediated phosphorylation and inhibition of TSC2, leading to the aberrant activation of mTORC1 (Manning et al., 2002; Johannessen et al., 2005) . Interestingly, these two tumor suppressors are also frequently mutated in sporadic glioblastoma multiforme (Cancer Genome Atlas Research Network, 2008) , in which mTORC1 signaling has been found to be commonly activated (Chakravarti et al., 2004; Pelloski et al., 2006) ; Table 1 ). Although the molecular mechanism remains unknown, loss of the NF2/merlin tumor suppressor, which is mutated in neurofibromatosis type 2, has also recently been found to result in growth factor-independent activation of mTORC1 signaling (James et al., 2009; Lopez-Lago et al., 2009) . In addition to the frequent occurrence in sporadic lung cancer, mutations in the LKB1 tumor suppressor are the underlying cause of Peutz-Jeghers syndrome, and the colon polyps universal to patients with this disease display elevated mTORC1 signaling (Shackelford et al., 2009) . Finally, as the convergence point of these upstream pathways, it is not surprising that germline mutations affecting the function of TSC1 or TSC2 tumor suppressors also give rise to a genetic tumor syndrome, TSC, and mutations in TSC2 can also give rise to sporadic lymphangioleiomyomatosis. Homozygous loss of the TSC genes results in constitutive activation of mTORC1, and tumors arising in TSC and lymphangioleiomyomatosis patients invariably display elevated levels of mTORC1 signaling (reviewed in Crino et al., 2006; .
As aberrant mTORC1 activation is a common molecular event in both cancer and genetic tumor syndromes, there is much interest in developing and testing mTORC1 inhibitors as antitumor agents. To date, there are completed or ongoing clinical trials testing the efficacy of rapamycin (sirolimus) and/or its analogs (for Abbreviations: mTORC1, mTOR complex 1; P-mTOR, phosphorylated mammalian target of rapamycin.
a Studies using P-mTOR (S2448) alone were not included, as the functional relevance of this site is unknown. (Feldman et al., 2009; Garcia-Martinez et al., 2009; Thoreen et al., 2009) . Two major questions related to the pathological and therapeutic implications of the common mTORC1 activation in tumors will be addressed. First, what is gained by the tumor in its activation of mTORC1? Second, if mTORC1 activation is a major molecular event shared in cancer and tumor syndromes, why are the pathological consequences of the genetic events discussed above so distinct?
Selective advantage gained by mTORC1 activation in tumors
In the now classic review from Hanahan and Weinberg (2000) , malignant transformation is proposed to be dictated by six essential alterations in cell physiology: self-sufficiency in growth signals, insensitivity to growthinhibitory signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, and tissue invasion and metastasis. To varying degrees, the uncontrolled activation of mTORC1 might contribute to all of these areas and provide a substantial selective advantage to tumor cells.
The oncogenic signaling events detailed above give rise to mTORC1 activation that is independent of growth factors and/or insensitive to perturbations in cellular growth conditions. This aberrant activation of mTORC1 has the potential to be a major contributing factor to uncontrolled cell growth, proliferation and survival of tumor cells. Although it is likely that mTORC1 controls the multiple anabolic processes contributing to cell growth, its best characterized function is in driving protein synthesis. As described above, mTORC1 stimulates protein synthesis both acutely, through specific effects on cap-dependent translation initiation, and in a more sustained manner, through less well-defined mechanisms promoting ribosome biogenesis. Importantly, although mRNAs are generally translated in a cap-dependent manner, it appears that a subset of mRNAs, such as those with extensive secondary structure, is particularly sensitive to mTORC1 signaling for their efficient translation (reviewed in Ma and Blenis, 2009 ). These mRNAs include those encoding cyclin D1 and c-myc, which are important regulators of cell-cycle entry (Gera et al., 2004) . Interestingly, in addition to decreasing cell size, rapamycin treatment generally causes a G1-phase cellcycle arrest, showing a role for mTORC1 signaling in promoting cell proliferation. Through the phosphorylation and inhibition of 4E-BP1, mTORC1 signaling increases eIF4E-mediated translation initiation. In many studies, eIF4E has been found to have oncogenic properties and to promote aspects of cell proliferation and survival (Lazaris-Karatzas et al., 1990; Ruggero et al., 2004; Wendel et al., 2004) .
The mechanisms by which mTORC1 signaling blocks apoptosis are not fully understood and may vary significantly in different settings. Translation of the pro-survival Bcl-2 family member MCL-1 can be stimulated by mTORC1 activity, and this mechanism has been shown to contribute to cell survival in a mouse lymphoma model (Mills et al., 2008) . In addition, in a study of evasion from TRAIL (TNF-related apoptosisinducing ligand)-induced apoptosis in glioblastoma multiforme, mTORC1 signaling was found to induce translation of the FLIP S protein, which blocks caspase-8 activation downstream of TRAIL (Panner et al., 2005) . Finally, the poorly defined role of mTORC1 as a negative regulator of autophagy could be both detrimental and beneficial to the tumor, as autophagy acts as a mechanism of both cell survival and death that is dependent on the metabolic status of the cell and its nutrient environment (Mathew et al., 2007) .
Uncontrolled mTORC1 signaling is also likely to contribute to the metabolic reprogramming common to tumor cells. TORC1 has a clear role in nutrient uptake in yeast cells (reviewed in Wullschleger et al., 2006) . Although mTORC1 has been suggested to stimulate nutrient uptake in mammalian cells (Edinger and Thompson, 2002) , the molecular mechanism for such an effect is currently unknown. Interestingly, mTORC1 signaling increases the levels of the hypoxia-inducible factor-1a (HIF-1a) transcription factor, and this occurs, at least in part, through increased translation (Zhong et al., 2000; Hudson et al., 2002; Thomas et al., 2006) . Through its transcriptional targets, HIF-1a enhances glucose uptake and its glycolytic conversion to lactate (Denko, 2008) , a property common to cells under hypoxic growth conditions. However, cancer cells show this switch to glycolytic metabolism even under normoxic conditions, often referred to as the Warburg effect (Vander Heiden et al., 2009) , and the aberrant upregulation of HIF-1a is likely to contribute to this metabolic switch. In both the genetic and xenograft tumor models in mice, HIF-1a has been implicated in the mTORC1-dependent (that is, rapamycin-sensitive) increase in glucose uptake into tumors (Majumder et al., 2004; Thomas et al., 2006; Shackelford et al., 2009) . Along with the hypoxic tumor microenvironment, uncontrolled mTORC1 signaling is likely to contribute to tumor angiogenesis and, perhaps, metastasis through the further upregulation of both HIF-1a and HIF-2a. Among the many HIF1a/2a targets, the gene encoding vascular endothelial growth factor A is likely to contribute most significantly to a role for mTORC1 in promoting tumor angiogenesis. However, the observed anti-angiogenic effects of rapamycin might also be attributed to the inhibition of mTORC2 signaling within vascular endothelial cells, as the mTORC2-mediated phosphorylation of Akt appears to be particularly sensitive to rapamycin in these cells (Phung et al., 2006) . 
Complexity of mTOR signaling and its implication for targeted therapeutics
On the surface, the molecular wiring of the oncogenic pathways converging on mTORC1 suggests that rapamycin and its analogs (collectively referred to as rapamycin here) should be effective therapeutics for the treatment of both genetic tumor syndromes and sporadic cancers. However, although many trials are still underway, thus far, rapamycin has had somewhat limited success in the clinic (Chiang and Abraham, 2007) . Tumor shrinkage (40-50%) has been reported in trials for specific manifestations of TSC, but on withdrawal from rapamycin, these normally slow-growing tumors rapidly regain their original size (Franz et al., 2006; Bissler et al., 2008; Davies et al., 2008) . This finding is consistent with the cells in the tumor getting smaller on rapamycin treatment, without significant loss of cell number. Thus, on removal of rapamycin, the tumor can rapidly regrow just by adding mass to the existing cells, and this is likely stimulated by a restoration of uncontrolled mTORC1 signaling. With very few exceptions, rapamycin elicits a cytostatic response on eukaryotic cells, from yeast to human, generally resulting in a G1-phase cell-cycle arrest. This is the likely reason why, in its more successful clinical trials in cancer, rapamycin treatment results in stable disease with little effect on tumor volume (Easton and Houghton, 2006; Faivre et al., 2006) . One important outstanding question is whether the many catalytic domain inhibitors of mTOR that are in development, which have uncovered rapamycin-resistant functions of mTORC1 (Feldman et al., 2009; Garcia-Martinez et al., 2009; Thoreen et al., 2009) , will elicit cytotoxic responses and have stronger effects on tumor regression.
In addition to the varying effects of rapamycin on mTORC2 assembly and stability (Sarbassov et al., 2006) , other complex effects on the signaling network are elicited by the specific inhibition of mTORC1. This is attributed to the fact that multiple mTORC1-dependent negative feedback mechanisms exist to dampen the activation of upstream components of the network. The best characterized of these is the mTORC1-and S6K1-mediated phosphorylation of the insulin receptor substrate, leading to a block in insulin signaling to PI3K and other downstream pathways (reviewed in Harrington et al., 2005) . This and other mechanisms of feedback regulation inhibiting Akt activation are relieved by rapamycin and, under most growth conditions, result in increased Akt phosphorylation. Signs of Akt activation by rapamycin have also been detected in tumor biopsies from clinical trials (O'Reilly et al., 2006; Cloughesy et al., 2008; Tabernero et al., 2008) . This suggests that rapamycin, while inhibiting growth and proliferation in many tumor cells, might actually inhibit tumor cell apoptosis by activating the pro-survival kinase Akt. These feedback mechanisms are a major motivation behind the development and testing of mTOR catalytic domain inhibitors to hit both mTORC1 and mTORC2, inhibitors that block both mTOR and PI3K, or combination therapies of rapamycin plus inhibitors of upstream RTKs (Guertin and Sabatini, 2009 ).
Although mTORC1 activation is a shared consequence of the many oncogenic events described above, the pathological outcome appears to vary greatly between the different tumor syndromes and cancers. Based solely on our knowledge of the wiring of the upstream regulatory network, there are several possible explanations for these differences. The most obvious is the extensive branching of the upstream pathways, such that aberrant mTORC1 activation is only one of many downstream effects of pathway misregulation. In fact, some of the most integrated nodes of cell signaling (for example, Ras, PI3K, Akt, ERK and AMPK) comprise this upstream network. Another likely underlying cause of clinical diversity is that the degree to which mTORC1 signaling becomes constitutively activated is highly dependent on the genetic event leading to pathway misregulation. For example, loss of PTEN will render mTORC1 signaling resistant to growth factor withdrawal, but it will remain sensitive to cellular energy levels. Similarly, loss of LKB1 leads to mTORC1 activation that is insensitive to energy stress, but it remains dependent on growth factors. Related to this point is that the ultimate level of aberrant mTORC1 signaling is dictated by which oncogenes, tumor suppressors or combinations thereof are affected in a given tumor cell. The levels of mTORC1 activation become important in the context of the feedback mechanisms discussed above, which can affect tumor progression. For instance, among the upstream tumor suppressors, loss of TSC1 or TSC2 results not only in the highest levels of mTORC1 signaling but also in a disease with the lowest malignancy potential. In cells lacking the TSC genes, the mTORC1-driven feedback mechanisms affecting the insulin receptor substrate-1 protein render PI3K unresponsive to insulin and insulinlike growth factor-1 (Harrington et al., 2004; Shah et al., 2004) . In addition, the TSC1-TSC2 complex normally promotes mTORC2 activation, and mTORC2 signaling to Akt, protein kinase C-a and SGK1 is strongly attenuated in TSC gene-deficient cells and tumors . Therefore, together with the mTORC1-dependent feedback mechanisms, Akt activation and signaling to its other downstream targets are lost on disruption of these particular tumor suppressors. Using mouse genetic approaches to bypass the feedback effects on PI3K activation, it has been found that this loss of Akt signaling in TSC-deficient tumors can account for their very slow-growing nature, at least in some tumor types (Manning et al., 2005) . Therefore, although mTORC1 activation contributes to tumor development and progression, it can also have tumor-suppressive effects because of feedback mechanisms. Hence, the positioning of oncogenic perturbation(s) within the upstream regulatory network will dictate the pathological consequences of dysregulated mTOR signaling.
Conclusions
As cancer researchers, these are exciting times in the mTOR field. Although the increasing complexity of the mTOR signaling network can be daunting at times, given its widespread activation in tumors, it is essential that we delineate the mechanistic details of how it is truly wired. Only then will we understand its role in tumorigenesis, how best to perturb the network for therapeutic intervention and how to interpret the clinical outcomes of these interventions. To maximize progress, we must embrace the continuum of basic, preclinical and clinical studies. Substantial voids in our knowledge currently exist in all three of these areas. For the basic science, further elucidation of the upstream regulatory mechanisms, including spatial and structural insights, and the downstream functions of the mTOR complexes is needed. In preclinical studies, we must understand the contributions of mTOR signaling to tumor development and progression and test targeted therapeutics in relevant genetic mouse tumor models, rather than xenograft models where anti-angiogenic effects can dominate. In the clinic, it is essential to learn from the basic and preclinical studies in choosing which compounds and combinations to test and which biomarkers to monitor. Currently, there is a paucity of clinically validated predictive markers for response to mTOR inhibition, and studies to show such markers will greatly enhance patient selection. Finally, to come full circle, emerging clinical data should yield novel mechanistic hypotheses and lead to the development of new preclinical models to better understand and target mTOR signaling in tumors.
